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ABSTRACT
Observations with the Hard X-Ray Telescope (HXT) and the Soft X-Ray Telescope (SXT) on board

Yohkoh show that the reconnection process is common to impulsive and gradual Ñares. We apply the
collisionless reconnection theoryÈmore exactly, the model of a high-temperature turbulent-current sheet
(HTTCS)Èto the coronal conditions derived from the Yohkoh data on the site and mechanism of mag-
netic energy transformation into kinetic and thermal energies of ““ superhot ÏÏ plasma and accelerated par-
ticles. We consider the reconnecting current sheet as the source of Ñare energy and the Ðrst-step
mechanism in a two-step acceleration of electrons and ions to high energies.

According to our model, reconnected Ðeld lines rapidly move out of the HTTCS, being frozen into
superhot plasma, and form magnetic loops on the upstream side of a fast oblique collisionless shock
(FOCS) situated above the soft X-rayÈemitting loops of a strong magnetic Ðeld. The electrons and ions
energized and preaccelerated by the HTTCS are trapped in magnetic loops. The top of each loop moves
with a high speed toward the FOCS, while its feet penetrate through the shock front. For these reasons,
two mechanismsÈthe adiabatic heating inside the collapsing trap and acceleration by the shock front at
the two feet of the trapÈefficiently increase the particle energy.

The lifetime of an individual collapsing trap can be identiÐed with the observed few-second delay to
higher energies of hard X-ray and gamma-ray emission. The trap of accelerated electrons can be seen as
the coronal hard X-ray ““ above-the-loop-top source.ÏÏ Precipitation of accelerated electrons from the trap
through the FOCS into the chromosphere is responsible for the hard X-ray ““ footpoint sources.ÏÏ The
model explains timing, location, and motion of the hard X-ray sources in solar Ñares as well as the
observed relative intensity of the coronal and chromospheric hard X-ray sources and other physical
properties.
Subject headings : acceleration of particles È MHD È Sun: Ñares È Sun: particle emission È

Sun: X-rays, gamma rays

1. INTRODUCTION

Magnetic reconnection plays a key role in the dynamics
of astrophysical plasmas, especially in solar Ñares

Reconnection serves as a(Giovanelli 1946 ; Hones 1984).
highly efficient engine to convert magnetic energy into
thermal and kinetic energies of plasma Ñows and acceler-
ated particles (e.g., However, before Yohkoh,Somov 1994).
there was little clear evidence that reconnection is
responsible for the primary release of Ñare energy. Solar
hard and soft X-ray observations et al.(Kosugi 1991 ;

et al. on board Yohkoh suggest that reconnec-Tsuneta 1991)
tion is responsible for many nonsteady phenomena in the
corona. In particular, in many Ñares the reconnection of
magnetic Ðeld lines takes place. Reconnection seems to be
common to impulsive (compact) and gradual (large-scale)
Ñares.

In this paper, we consider the collisionless reconnecting
current sheet (RCS) as the source of Ñare energy as well as
the Ðrst-step mechanism of particle acceleration. In we° 2
introduce the model of high-temperature turbulent-current
sheets (HTTCS) under coronal conditions observed by
Yohkoh. The acceleration of electrons and ions in the
HTTCS is brieÑy discussed in as a preacceleration° 2.5
mechanism. deals with the magnetic trap createdSection 3
by reconnected Ðeld lines between the HTTCS and the
FOCS. Because the length of this trap rapidly decreases
from a large initial scale to zero, we call it a ““ collapsing

1 On leave from Astronomical Institute, Moscow State University,
Moscow 119899, Russia.

trap.ÏÏ In we discuss the possible contribution of the° 4
FOCS to particle acceleration inside the collapsing trap.
The features of X-ray emission explained by our model are
presented in Comparison of our model with other° 5.
models is given in At the end, in we formulate our° 6. ° 7,
conclusions.

2. HTTCS AS A FLARE ENERGY SOURCE

2.1. Simplest Current-Sheet Model
Let us recall two approximations used to study reconnec-

tion in current sheets. The Ðrst is the neutral-sheet model
(e.g., This was initially theSweet 1969 ; Syrovatskii 1981).
simplest two-dimensional MHD model of steady reconnec-
tion. Two oppositely directed magnetic Ðelds are pushed
together into the neutral sheet. The uniform Ðeld outsideB0the sheet is frozen into the uniform plasma inÑow with
velocity perpendicular to the Ðeld. The plasma Ñows out¿0of the sheet through its edges with large velocity perpen-¿1dicular to the velocity By deÐnition, there is no magnetic¿0.Ðeld inside the sheet ; that is why it is called neutral.
Although it is an idealization, the neutral-sheet model is still
useful for several reasons.

First, this model demonstrates the existence of two linear
scales corresponding to two di†erent physical processes : (a)
The dissipative thickness is responsible for the2a B 2l

m
v0~1

reconnection rate ; here is the magnetic di†usivity. (b) Thel
msheet width 2b is responsible for the accumulation of mag-

netic energy ; the wider the neutral sheet, the larger the
energy accumulated.
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Second, the neutral-sheet model permits very efficient
acceleration of particles in the RCS (Speiser 1965).

Let us take as the low limits for the Ðeld G andB0B 50
for the velocity km s~1. These values are smallerv0B 20
than those estimated from the Yokhoh observations of the
well-studied Ñare on 1992 January 13Èthe magnetic Ðeld
52 G and the inÑow speed 41È143 km s~1 et al.(Tsuneta
1997).

So the lower limit for the electric Ðeld is

E0\ 1
c

v0B0B 1 V cm~1 . (1)

This Ðeld is much stronger than DreicerÏs Ðeld,

Ecr\
4ne3
kB

( ln ")
n
T

B 10~4 V cm~1 . (2)

Here we have assumed that the density and temperature of
the plasma near the RCS are respectively n0B 4 ] 108
cm~3 and In fact, near the RCS in Ñares,T0B 3 ] 106 K.
the magnetic Ðeld can be as high as 100È300 G. So theB0electric Ðeld can be even stronger by 1 order of magni-E0tude.

Since we can neglect collisional energy losses asE0?Ecr,well as wave-particle interaction of fast particles (e.g.,
& Zhivlyuk Thus the neutral-sheet modelGurevich 1966).

predicts very impulsive acceleration by the strong electric
Ðeld This important advantage is discussed inE0. ° 2.5,
taking account of the fact that real reconnecting sheets are
always nonneutral, i.e., they always have an internal mag-
netic Ðeld. The inÑuence of this three-component Ðeld on
particle acceleration is a key point in ° 2.5.

2.2. Magnetically Nonneutral RCS
Neutrality of the RCS, as assumed above, means that

there is no penetration of Ðeld lines through the sheet (the
transverse Ðeld as well as no magnetic Ðeld parallelB

M
\ 0)

to the electric current inside the RCS (the longitudinal Ðeld
In general, both assumptions are incorrect (for aB

A
\ 0).

review see & Cowley ÐrstSomov 1992 ; Longcope 1996).The
of these is the most important for what follows.

As it reconnects, every Ðeld line penetrates through the
RCS Thus the reconnecting sheet is magnetically(Fig. 1).
nonneutral by deÐnition, because of the physical meaning of
reconnection. In many real cases (for example, the magneto-
spheric tail or interplanetary current sheets) a small trans-

FIG. 1.ÈThree characteristic scales of the nonneutral sheet : 2a is a
dissipative thickness, the electric current distribution is shown by shading,
2b is a scale responsible for energy accumulation, and the dotted boundary
indicates the Ðeld lines going through the sheet, so 2aout is the scale which
determines the outÑow of energy and mass.

verse magnetic Ðeld is always observed. This is also the case
of laboratory and numerical experiments et al.(Hesse 1996 ;

et al. & SatoOno 1996 ; Horiuchi 1997).
We characterize the penetration of magnetic Ðeld into the

sheet by the parameter As distinguished fromm
M

\ B
M
/B0.the neutral sheet, we assume that

a/b > m
M

> 1 . (3)

The penetration of even a very small Ðeld component into
the high-temperature sheet essentially increases the out-
Ñows of energy and mass along the magnetic Ðeld lines. The
e†ective cross section for the outÑows is proportional to the
scale

aoutB m
M

b ? a . (4)

Even a very small transverse Ðeld signiÐ-(m
M

B 10~3) B
Mcantly increases the conductive cooling of the nonneutral

HTTCS. As a result, its energy output is much larger than
that of the neutral one. (In the neutral sheet aout\ a.) The
last reason enables us to consider the HTTCS with a small
transverse magnetic Ðeld as the source of Ñare energy.

2.3. Basic Physics of the HT T CS
Coulomb collisions do not play any role in the HTTCS.

Thus the plasma inside the HTTCS has to be considered as
essentially collisionless. The concept of an anomalous resis-
tivity, which originates from wave-particle interactions, is
then useful to describe the fast conversion from Ðeld energy
to particle energy. Some general properties of such colli-
sionless reconnection can be examined in the frame of a
self-consistent model based on the mass, momentum, and
energy conservation laws.

A particular feature of this model is that electrons and
ions are heated by wave-particle interactions in a di†erent
way ; contributions to the energy balance are not made by
the energy exchange between electrons and ions due to col-
lisions, or by the thermal Ñux across the magnetic Ðeld, or
by the energy losses for radiation. The magnetic ÐeldÈ
aligned thermal Ñux becomes anomalous and plays the
dominant role in the cooling of the electrons in the HTTCS.
These properties are typical for collisionless plasma in solar
Ñares and can be taken into account by two equations
describing the balance of energy for electrons and ions
separately :

sefEmagin \E
t,eout]C

A
an , (5)

(1[ sef)Emagin \E
t,iout]K

i
out . (6)

Here is a relative fraction of the heating consumed bysefelectrons from the magnetic enthalpy Ñux while theEmag,remaining fraction goes to the ions. The sum of the(1[ sef)left-hand sides of equations and represents the direct(5) (6)
heating of ions and electrons due to their interactions with
waves inside the HTTCS.

In what follows is the plasma density inside then
sHTTCS; is an e†ective electron temperature (theT \ T

emean kinetic energy of chaotic motion per single electron),
is the e†ective temperature of ions, and the ratio h isT

iequal to Because of the di†erence between the e†ec-T
e
/T

i
.

tive temperatures of electrons and ions, the electron and ion



l 1

v

v

0

FOCS

TRAP

HTTCS

1

No. 2, 1997 RECONNECTION AND ACCELERATION IN FLARES 861

enthalpy outÑows also di†er : The ion kineticE
t,eout DE

t,iout.energy Ñux, is important in As to theK
i
out, equation (6).

kinetic energy of electrons, it is negligible and is disregarded
in However, electrons play the dominant roleequation (5).
in the anomalous heat conductive cooling C

A
an.

In the conditions of Ñares, the characteristic parameters
(for more detail see of such collisionlessSomov 1992)
current sheets are the following : (a) The e†ective electron
temperature is B100È200 MK; the temperature ratio h isT

eB6.5, and the plasma compression is B4.8. (b) Then
s
/n0dissipative thickness 2a B 20 cm is small, but the width

2b B (1È2) ] 109 cm is large ; for this reason the linear scale
for the outÑows of energy and mass 2aout B(eq. [4])

(3È6)] 106 cm is not small. (c) The energy release power
per unit length (along the direction of the current) isL

j
P
s

L
j
\ B02

4n
v0 4b B (1È7) ] 1019 ergs (s cm)~1 , (7)

if the inÑow velocity km s~1. Hence, if thev0B 10È30
length cm, then the power of energy releaseL

j
B 3 ] 109

is B3 ] 1028È2 ] 1029 ergs s~1. The outÑow velocity isP
s km s~1.v1B 1400È1800

2.4. Fast Plasma OutÑows and Shocks
Fast outÑows of superhot collisionless plasma create

complicated dynamics in an external (relative to the RCS)
region ; this dynamics should be a topic of special research.
It is clear that the interaction of the fast Ñow of superhot
plasma with external plasma and magnetic Ðeld strongly
depends on the initial and boundary conditions, especially
on the relative position of the outÑow source (the HTTCS)
and the magnetic ““ obstacle ÏÏÈthe region of strong external
Ðeld. Near the boundary of this region the energy of the fast
outÑow becomes equal to the energy of the external mag-
netic Ðeld that tries to stop the Ñow.

Let us assume that the distance between the source of al1fast outÑow (an edge of the HTTCS) and the stagnation
point at the obstacle is not too large This means(Fig. 2).
that the fast outÑow becomes wider but does not relax in
the coronal plasma before reaching the obstacle. Moreover,
if the Ñow velocity still exceeds the local fast magneto-
acoustic wave velocity, a fast MHD shock wave appears
ahead of the magnetic obstacle, which is similar to the ter-
restrial bow shock ahead of the magnetosphere.

By analogy with the ordinary hydrodynamics of super-
sonic Ñows, we assume that the shock front reproduces the
shape of the obstacle smoothly and on a larger scale (Fig.

more exactly, it reproduces the shape of the upper part of3) ;
the obstacle facing the incoming Ñow. This is true if the
incoming Ñow is uniform or quasi-uniform. Generally
speaking, the incoming Ñow may di†er signiÐcantly from a
quasi-uniform one. In this case, the shock may have a much
more complicated shape. This is, however, not of crucial
importance for the e†ect of the collapsing magnetic trap
discussed below. The width of the shock is important.w1For simplicity, in we assume that all the Ðeld linesFigure 3,
ejected by the HTTCS penetrate through the shock. This
means that all superhot plasma and all particles pre-
accelerated by the HTTCS, being frozen into the reconnect-
ed Ðeld lines, interact with the shock. Di†erent
complications related to the actual three-dimensional
geometry of the magnetic Ðeld in an active region occur but
will not be discussed in this paper.

FIG. 2.ÈHTTCS as a source of Ñare energy ; ““ superhot ÏÏ plasma
outÑow with velocity The magnetic obstacle is the soft X-ray loopv1.shown by shading.

For what follows, the most important point is that with
respect to the particles preaccelerated and to the superhot
particles energized by the HTTCS, the shock should be
considered as a fast oblique collisionless shock (FOCS).
Behind the FOCS, the downstreaming plasma becomes
more and more collisional. Taking account of its conductive
and radiative cooling, the hydrodynamic relaxation of the
Ñow can be stimulated by thermal instability or(Field 1965)
by chromospheric ““ evaporation ÏÏ driven by accelerated
particles precipitating into the chromosphere (see chap. 2 in
Somov 1992).

We do not discuss in this paper the possible existence of
slow or fast MHD shocks (or other MHD discontinuities)
that may be attached to external edges of the collisionless
HTTCS. We assume that such discontinuities do not have
a direct inÑuence on the collapsing trap e†ect introduced
in ° 3.

2.5. Particle Acceleration in HT T CS
The acceleration by the electric Ðeld and scattering ofE0particles by plasma turbulence in the HTTCS lead to the

appearance of electrons with a power-law spectrum and
with energies higher than tens of keV & Somov(Litvinenko
1991).

The maximum particle energy can be estimated by taking
into account the electric Ðeld and three components ofE0the magnetic Ðeld B \ MB0, BM

, B
A
N.

The transverse Ðeld serves to eject an acceleratingB
Mparticle rapidly out of the RCS however, the(Speiser 1965) ;

longitudinal Ðeld tends to counteract this e†ectB
A& Somov The longitudinal component(Litvinenko 1993).

on the order of the reconnecting component is a neces-B0sary condition to accelerate electrons up to 10È100 keV. So
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FIG. 3.ÈMagnetic trap between the HTTCS and the shock front ; accel-
erated particles move with velocity along the Ðeld lines.V1

we consider the HTTCS as the Ðrst-step mechanism in a
two-step acceleration of electrons to high energies in Ñares
(for a review see Somov 1994).

For estimates, we shall assume that, on average, the elec-
trons preaccelerated by the HTTCS have an energyE1 B 30
keV or a velocity V1B 0.3c.

In order to understand the ion acceleration, the trans-
verse electric Ðeld outside the HTTCS must be takenE

Minto account. This Ðeld is always present as a consequence
of charge separation owing to the di†erence in the electron
and proton masses. It appears that the transverse Ðeld E

M
,

being relatively weak can, however, efficiently(e/
M

B kB T ),
lock ions in the vicinity of the HTTCS, thus allowing their
acceleration by a strong electric Ðeld &E0 (Litvinenko
Somov 1995).

Preaccelerated electrons are frozen into the Ðeld lines
reconnected by the RCS and moving down together(Fig. 3)
with the superhot plasma. Its electron temperature isT

eB100È200 MK, and the e†ective temperature of protons T
pis B15È30 MK. In a Ðeld G the electrons withB1B 30

velocity have initial values of the Larmor radiusV1 rL(e)B20 cm; for protons with the same velocity the Larmor
radius cm. So preaccelerated protons alsorL(p) B 3 ] 104
can be considered as frozen.

For superhot plasma, the collisional relaxation times can
be estimated as follows : The electron collisional time

MK) is B17 s, the collisional time for protons isq
ee
(200 q

ppB 45 s, and the time for electron-proton collisions, isq
ep

,
the longest one, B103 s. Here we assume some average

value of the density like cm~3 et al.n1B 2 ] 109 (Tsuneta
Masuda et al. in an extended region of the1997 ; 1994, 1995)

superhot plasma relaxation. Therefore, to some large extent
the superhot plasma can be considered as colllision-(v1q),less. For preaccelerated electrons and protons the collision-

less approximation is fulÐlled much better.

3. COLLAPSING TRAP EFFECT

3.1. T rap with Shock Wave
Being frozen into superhot plasma, the reconnected Ðeld

lines move out of the HTTCS and form magnetic loops at
the height above the magnetic obstacle The top ofl1 (Fig. 3).
each loop moves with a high velocity kmv1B 1400È1800
s~1. The local fast magnetoacoustic wave speed is B1000
km s~1. Thus a fast shock may appear between the HTTCS
and the magnetic obstacle. Let us assume that both feet of
a loop penetrate through the shock front ahead of the
obstacle. The opposite assumption is discussed in ° 3.2.

Depending on velocity and pitch angle, some of the fast
particles preaccelerated by the HTTCS may pass directly
through the magnetic Ðeld jump related to the shock.
Others may either simply be reÑected by the shock front or
interact with it as discussed in ° 4.

For the fast particles reÑected by the shock the magnetic
loop represents a trap whose length decreases from toB2l1zero (collapses) with the velocity Therefore, the life-B2v1.time of each magnetic Ðeld lineÈof each collapsing trapÈis
equal to

t1B l1/v1B 10 s , (8)

if km and km s~1 are taken as the charac-l1B 104 v1B 103
teristic values for the length and velocity, respectively.

During the collapsing trap lifetime the reÑected fastt1particles move between two magnetic ““ corks ÏÏÈthe reÑec-
ting points where the Ðeld line crosses the shock front. Since
these ““ corks ÏÏ move toward each other with the high veloc-
ity the particles trapped inside the trap are ““ heated ÏÏ2v1,quickly by the Ðrst-order Fermi-type mechanism (Fermi
1954).

considered a MHD shock intersecting(Wentzel 1963)
one magnetic Ðeld line in two points. In such a case the two
intersections of the shock with the Ðeld line form a single
trap ahead of the shock. As the shock moves, the trap
becomes shorter, the trapped particles are accelerated, and
the number of accelerations per second increases. The col-
lapsing trap e†ect discussed in our paper is the equivalent
situation, which may be classiÐed as a variant of the
Wentzel trap.

For the fast electrons and ions preaccelerated by the
HTTCS we estimated the characteristic value of velocity as

cm s~1. Hence the characteristic time betweenV1B 1010
two subsequent reÑections of a particle can be estimated as

q1B 2l1/V1B 0.2 s . (9)

Since the conditions of periodic longitudinalq1> t1,motions slowly change adiabatically. Then the longitudinal
adiabatic invariant is conserved :

I\
Q

p
A
dl B p

A
(t)4l(t)\ constant . (10)

Here is the particle longitudinal momentum,p
A

\ p cos #
and # is its pitch angle.
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From it follows thatequation (10)

p
A
(t) \ p

A
(0)

l1
l(t)

B p
A
(0)

1
1 [ (t/t1)

. (11)

When the trap collapses, the longitudinal momentum grows
inÐnitely within the time Neglecting an unknown changet1.of the transverse momentum, we see that the particle energy
increases within the timescale t1 :

E\ p2
2m

\E(0)
1

[1[ (t/t1)]2
. (12)

That is why we can assume that just trap lifetime can bet1responsible for an observed few-second delay in higher
energies of hard X-ray and gamma-ray emission et al.(Bai

We assume that the few-second bursts observed in1983).
hard X-ray emission can be related to the collapsing trap
e†ect. The consequences of this assumption are discussed
in ° 5.

The main objection usually raised against Fermi acceler-
ation is that the Fermi mechanism is ““ neither efficient nor
selective.ÏÏ A magnetic mirror reÑects particles on a non-
selective basis : thermal particles may be reÑected as well as
suprathermal ones. Hence, most of the primary energyÈthe
kinetic energy of the fast Ñow of superhot plasmaÈgoes
into bulk heating of the plasma rather than the selective
acceleration of only a small minority of fast particles. This
““ disadvantage ÏÏ appears to be the main advantage of the
Fermi mechanism when applied to solar Ñares in the frame
of our model.

First, the collapsing trap heats and compresses the super-
hot plasma. Thus it becomes more visible in hard X-ray
emission. This possibility will be discussed in Second,° 5.1.
the same Fermi mechanism can lift some electrons from a
quasi-thermal distribution and accelerate them to higher
energies ; even better, it can further accelerate the electrons
preaccelerated by the HTTCS. The trap of accelerated elec-
trons can be seen as the nonthermal component of the
coronal hard X-ray source in Ñares Third, being(° 5.2).
nonselective, the collapsing trap can accelerate not only
electrons but also protons and other ions to high energies.
This is a big problem for other acceleration mechanisms.

3.2. Trap without Shock
If, contrary to the assumption made above, the distance
between the HTTCS and the stagnation point is largel1enough, then the fast Ñow of superhot plasma relaxes grad-

ually with (or without) collisional shock depending on the
height of the reconnection site and other conditions in an
active region where the Ñare occurs (e.g., ForTsuneta 1996).
example, collisional relaxation can be very fast near the
HTTCS if the plasma density is relatively high but the tem-
perature inside the current sheet is relatively low.

Let us consider the conÐguration of a magnetic trap with
Ðeld lines rapidly moving down but without any shock (Fig.

In this case, instead of we have4). equation (11)

p
A
(t)B p

A
(0)

l1] l2
l2] (l1[ v1 t)

F p
A
(0)

l1] l2
l2

when t ] t1 . (13)

FIG. 4.ÈMagnetic trap without a shock

So the trap does not collapse. If the height of the magneticl2obstacle is not small, the adiabatic heating of fast particles
inside the trap is less efficient than in the collapsing trap
with the shock. The small height is probably the case ofl2the so-called shrinkage of X-ray loops, as observed by the
Yohkoh SXT in the active region AR 7240 in 1993 February

et al.(Wang 1997).

4. ACCELERATION BY SHOCK WAVE

4.1. Di†usive Mechanism
The interaction of fast particles with the FOCS should be

considered quantitatively in several aspects : reÑection and
passage (in terms of our model, trapping and precipitation
of particles from the trap into the chromosphere), and accel-
eration (an additional energization of the trapped particles
over their adiabatic heating). Analytical models of particle
acceleration by shocks (see & EllisonJones 1991 ; Blandford

illustrate the possible high efficiency of di†usive and1994)
drift accelerations to high energies.

In di†usive acceleration, the particle energies are derived
just from the relative motion (the converging Ñow) between
““ scatterers ÏÏ (waves) on either side of a shock front. This is a
major advantage of the di†usive mechanism. Its disadvan-
tage in applying to our model consists of a lack of know-
ledge about these assumed scattering waves. Many
assumptions that are not well justiÐed have to be made
concerning the shock-associated turbulence.

4.2. Drift Acceleration
The drift mechanism, in contrast to the di†usive one,

neglects any shock-associated turbulence. If the Larmor
radius (see of the fast particle is much larger thanrL ° 2.5)
the front thickness, one can replace the shock by a simple
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discontinuity and approximate the particle motion as
scatter-free on both sides of the shock.

Since we consider the shock front as a discontinuity, the
adiabatic approximation is formally not suitable. If,
however, the transversal invariant is conserved (see the very
clear physical justiÐcation in the classical paper by Wentzel
1963),

p
M
2

B
\ constant , (14)

then

p
M22 \ p

M12
AB2
B1

B
. (15)

Here and are the upstream and downstream values ofB1 B2the magnetic Ðeld (see Hence, the transverse kineticFig. 3).
energy of a nonrelativistic particle is

E
M2

E
M1

\ p
M22

p
M12 P

B2
B1

. (16)

In this way, adiabatic theory predicts an increase of particle
energy by a fast oblique shock but a decrease of(B2[ B1)energy by a slow shock.(B2\ B1)Note that the adiabatic ““ heating ÏÏ of fast particles in the
collapsing trap mainly increases the longitudinal energy,
while the drift acceleration gives rise to the transverse
energy. By so doing, the drift acceleration improves the
trapping conditions for accelerating particles.

The increase of transverse energy is relatively(eq. [16])
small when the Larmor orbit of a particle crosses the front
only once (see Multiple interactions of aToptyghin 1980).
particle with the shock is a necessary condition for a con-
siderable increase of energy. Our model, which is a com-
bination of the FOCS with the trap returning the reÑected
particles to the shock, seems to be optimal in this sense.

A similar situation in which the particles are trapped and
accelerated on the upstream side of a collisionless shock is
found in the example of drift acceleration at interplanetary
shocks & Lemons & Erdos(Gisler 1990 ; Balogh 1991 ;

& Balogh The collapse of the trap by its con-Erdos 1994).
vection through the shock is accompanied by a consider-
able increase of the accelerated particle Ñux.

4.3. Quantitative Analysis
A quantitative model of these phenomena is desirable but

not simple. Two-dimensional hybrid simulations (Thomas
& Winske of a curved collisionless shock (like the bow1990)
shock) have shown that (a) the fast ions originate on the
quasi-parallel upstream side of the shock and (b) ener-
gization of the ions is just drift acceleration that requires
multiple shock encounters. This behavior of ions is qualit-
atively similar to what we assumed above, but quantitative
comparison of the simulation results with our model is diffi-
cult because of the large di†erence in physical conditions.

Time-reversed numerical integration of trajectories has
been performed by & Balogh to study theErdos (1994)
particles trapped upstream of an interplanetary shock. It is
shown that the e†ectiveness of the acceleration is enhanced
by multiple interactions with the shock. This is an impor-
tant factor at higher energies where the smaller energy gain
at each reÑection by a shock might be partly compensated
by a greater number of shock encounters.

5. X-RAY EMISSION SIGNATURE

5.1. Hard X-Ray ““Above-the-L oop-Top Source ÏÏ
To explain the hard X-ray and gamma-ray time proÐles

in several Ñares, Ðrst-order Fermi-type acceleration of par-
ticles between two shocks moving toward each other inside
a closed loop was suggested by et al. as a mecha-Bai (1983)
nism for the second-step acceleration of prompt protons
and relativistic electrons. It was assumed that fast electrons
penetrate into the Ñare loop and rapidly heat the upper
chromosphere to high temperatures & Hudson(Lin 1976 ;

& Spektor As a consequence of chromo-Somov 1982).
spheric ““ evaporation,ÏÏ shocks move upward from both
footpoints. Fast particles are reÑected only by colliding with
the shock fronts.

et al. assumed that an unknown Ðrst-stepBai (1983)
mechanism accelerates protons and electrons above the
““ injection energy,ÏÏ at which the collisional energy loss
equals the energy gain due to the Fermi process. Our model
suggests that the Ðrst step is the acceleration of electrons
and ions by the HTTCS, and the second step is the fast
adiabatic heating and acceleration by a collisionless shock
located above the Ñare loop discussed by et al. SoBai (1983).
we assume (after that trapped acceleratedKosugi 1996)
electrons create the coronal hard X-ray ““ above-the-loop-
top source ÏÏ observed by the Yohkoh HXT (Masuda et al.
1994, 1995).

An alternative possibility was discussed by &Wheatland
Melrose High-density (B1012 cm~3) regions are(1995).
assumed and presumably observed et al. at(Feldman 1994)
the tops of the soft X-rayÈemitting loops. Electrons
““ accelerated by the Ñare ÏÏ encounter the dense small
regions creating ““ intermediate thick-thin target ÏÏ hard
X-ray emission. If we could arbitrarily introduce an
ambient density high enough to explain the hard X-ray
intensity of the above-the-loop-top source, the trap con-
sidered in our model would not be required. This is not the
case, however ; the ambient density determined from
Yohkoh SXT observations is much lower (Kosugi 1996).

It is not clear in the model by & MelroseWheatland
whether the displacement between the soft X-ray(1995)

loop top and the hard X-ray above-the-loop-top source
(Masuda et al. has been considered1994, 1995)

et al.(Aschwanden 1996a).
Superhot plasma trapped inside the collapsing loops cer-

tainly can also contribute to the hard X-ray and radio emis-
sion above the soft X-rayÈemitting loop et al.(Gopalswamy

& Kosugi The total coronal hard X-ray1995 ; Sakao 1996).
emission consists of two parts : nonthermal and quasi-
thermal. Our model predicts, however, a signiÐcant di†er-
ence between them. Being more collisional, the superhot
plasma is less conÐned inside the trap. For this reason the
nonthermal emission dominates at higher energies and
occupies a more compact ““ vertical ÏÏ hard X-ray(Fig. 5)
source in comparison with more extended ““ horizontal ÏÏ dis-
tribution of a quasi-thermal emission at lower energies. This
seems to be consistent with recent results by et al.Tsuneta
(1997).

Heat transfer in the superhot plasma certainly di†ers
from the collisional di†usive conduction. ““ Quasi-thermal ÏÏ
electrons escape from the trap and generate a strong reverse
electric current. The electric Ðeld driving this reverse current
efficiently limits the heat transfer by ““ quasi-thermal ÏÏ elec-
trons & Somov Excitation of ion-acoustic(Diakonov 1988).
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FIG. 5.ÈSketch of nonthermal (NC) and quasi-thermal (TC) com-
ponents of the coronal hard X-ray emission and their apparent motion. A
and B are the chromospheric ““ footpoint sources.ÏÏ

waves by the reverse current can determine the speed of the
““ quasi-thermal ÏÏ front propagation. This does not contra-
dict the observed expansion speed of the coronal hard
X-ray source et al.(Takakura 1993).

5.2. Hard X-Ray ““Footpoint Sources ÏÏ
According to our model, precipitation of accelerated elec-

trons from the trap through the fast oblique collisionless
shock into the chromosphere is responsible for the hard
X-ray ““ footpoint sources.ÏÏ This scenario is consistent with
the electron time-of-Ñight analysis for MasudaÏs Ñare of
1992 January 13 et al. for statistical(Aschwanden 1996b ;
studies see Aschwanden et al. 1996d, 1996c).

In Ðve Ñares, observed simultaneously with BATSE on
board CGRO and the HXT on board Yohkoh, coronal hard
X-ray sources of the Masuda type in the cusp region have
been found. The electron time-of-Ñight analysis provides
independent evidence that particle acceleration in these
Ñares occurs in the cusp region above the Ñare loop and that
the coronal hard X-ray sources are a signature of this accel-
eration site et al.(Aschwanden 1996c).

According to the intensity ratio of theKosugi (1996),
above-the-loop-top source to footpoint sources suggests
that fast electrons mirror and make cyclical bounce motions
inside a trap over the integrated column thickness

ftr\ n1 V1 ttr cm~2 (17)

of the order of one-tenth of the column thickness,

fmax\
E2
2a1

cm~2 , (18)

that they pass before completely losing their kinetic energy
E measured in keV. Here a1\ 1.3] 10~19[ln (E/mc2)
[ (ln n)/2 ] 38.7] keV2 cm2. For electrons with an initial
energy keV we have keV2 cm2.EinB 100 a1B 3.4] 10~18

So, on the one hand, we estimate the maximal column
thickness cm~2, which corresponds to thefmax B 1.5 ] 1021

100 keV electrons that precipitate from the trap through the
FOCS into the thick targetÈthe chromosphereÈwhere
they are stopped. On the other hand, since these electrons
have the initial velocity cm s~1, we canV1B 1.2 ] 1010
estimate the minimal time the electrons must be trapped to
produce the observed relative brightness of the coronal and
chromospheric hard X-ray sources :

ttrB r
A fmax
n1V1

B
B 6 s . (19)

Here r B 0.1 is the observed intensity ratio, and n1B 2
cm~3, as in] 109 ° 3.

Therefore, the fast electrons with the initial energy EinB
100 keV must have at least reÑections inside thettr/q1 B 30
trap. If they make this number of reÑections, the trapping
time is still shorter than the lifetime of the collaps-(eq. [19])
ing loop (eq. [8]).

Note that is deÐned as the travel time (between twoq1consecutive reÑections) at the beginning of the trap collaps-
ing process, when the length of the trap is maximal. Toward
the end of the collapsing at much more frequentt B t1,reÑections occur. This e†ect is obviously not small. In addi-
tion, in the simple estimate we have neglected an(eq. [19]),
increase of electron energy, which also increases the fre-
quency of reÑections and which is not small either. Both
e†ects, neglected in increase the efficiency ofequation (19),
particle acceleration by the collapsing trap.

Let us substitute the trapping time into(eq. [19])
We Ðnd that electrons with initial energyequation (12).

keV can be accelerated by the Ðrst-order Fermi-EinB 100
type mechanism to an energy keV; the higherEmax B 600
the initial energy of the electrons preaccelerated by the
HTTCS, the higher the efficiency of acceleration in the col-
lapsing trap.

For electrons with lower energyÈfor example, Ein\
keVÈthe minimal trapping time is much shorter :E1B 30
s. Comparing this time with we seettrB 0.7 equation (9),

that several reÑections of the 30 keV electrons from the
FOCS are enough to explain the observed ratio of hard
X-rays coming from the thin-target above-the-loop-top
source and from the thick-target footpoint sources.
However, substitution of s in givesttrB 0.7 equation (12)

keV. This means that, even in the early beginningEmaxB 35
of the collapsing process, when the adiabatic heating of the
30 keV electrons is still very slow, it can overcome the
energy loss processes in the trap. That is why the collapsing
trap is a potential mechanism for lifting electrons out of a
very low energy distribution, as assumed above, or even out
of a thermal population (see test particle simulations by

& Lemons At later stages of the collapsingGisler 1990).
process, the adiabatic heating becomes more and more effi-
cient.

The estimated times from do not contradictequation (19)
the following fact. Although the above-the-loop-top source
is weak in comparison with the double footpoint sources by
about an order of magnitude (which is taken into account in

it varies its intensity similarly but smoothly (seeeq. [19]),
to the footpoint sources, i.e., impulsively, as far as the° 5.5)

e†ective temporal resolution of several to 10 seconds is con-
cerned et al.(Kosugi 1996 ; Aschwanden 1996b).

5.3. Acceleration or Heating?
Very e†ective heating but inefficient acceleration seems to

be typical for the type A (hot thermal) Ñares (Tanaka 1987 ;



866 SOMOV & KOSUGI Vol. 485

These Ñares have the following set of hardDennis 1988).
X-ray characteristics : (1) Temporal (gradual rise and fall at
energies below B40 keV, weak impulsive emission at higher
energies). (2) Spectral (thermal Ðt below 40 keV with tem-
peratures of 3È4 ] 107 K; very steep spectra above 40 keV
with power-law index cº 7). (3) Spatial (compact size [less
than 6000 km] and low height [less than 6000 km]).

On the contrary, the type C (gradual hard) Ñares appear
to be very efficient accelerators. They have (1) gradually
varying hard X-ray emission ; (2) spectrum above B50 keV
hardening with time, with c decreasing monotonically from
º5 early in the Ñare to ¹2 later in the Ñare after the peak ;
and (3) high altitudes of º4 ] 104 km. So, in type C Ñares,
continuous particle acceleration may occur at high alti-
tudes, where the density and magnetic Ðeld must be much
lower than for the low-altitude type A and type B (ordinary
impulsive) Ñares. In type A Ñares, the energy release appears
to result primarily in heating to temperatures of (3È4) ] 107
K with little acceleration. According to andTanaka (1987)

this is possibly because of a higher density atDennis (1988),
the energy release site.

According to our model, the primary energy sourceÈthe
HTTCSÈcan provide high-temperature (say 30È40 MK)
plasma and low-energy (B30 keV for electrons) particles in
all three types of Ñares. As for higher energies, we assume
that the second-step acceleration mechanism is necessary,
and it can be the Ðrst-order Fermi-type acceleration in the
collapsing magnetic trap. In we saw that the trap does° 3.2
not collapse if there is no shock between the HTTCS and
the magnetic obstacleÈthe soft X-ray loop. In this section
we point out that the collapsing trap e†ect is sensitive to the
plasma density.

If the density is not as low as assumed in ° 2.5 (n1 B 2
] 109 cm~3), then with increase of density the Coulomb
collisions become important. They scatter electrons into the
loss cone. This is the so-called weak di†usion process, which
neglects possible wave-particle interactions responsible for
strong di†usion. Anyway, di†usion of electrons into the loss
cone increases precipitation of them from the trap. So the
collapsing trap acceleration will not work if plasma density
inside the trap is high enough. This seems to be the case for
very compact Ñares in the upper chromosphere or low
corona.

According to et al. for 78 Ñares,Aschwanden (1996a),
observed with Yohkoh and CGRO simultaneously, electron
trapping is governed by weak di†usion, while scattering by
waves seems to be unimportant. A mean value of electron
density in the trap is B1011 cm~3, which is as high as in the
soft X-ray brightest loops. Hence, for a majority of Ñares
(presumably type B) analyzed by et al.Aschwanden (1996a),
the second-step acceleration might be not as efficient as
collisional heating. On the contrary, the type C Ñares are
certainly the class of Ñares where the collapsing trap accel-
eration can work efficiently because of much lower plasma
density inside the trap.

5.4. Soft X-Ray Emission
In the double footpoint sources, the precipitating fast

particles impulsively heat the upper chromosphere to tem-
peratures K. In general, the hydrodynamic andTev B 107
radiative response of the chromosphere to impulsive
heating by beams of accelerated particles requires a two-
temperature collisional treatment (see(T

e
DT

p
) Somov

For what follows, it is important that the chromo-1992).

spheric plasma heated by accelerated particles expands
quickly into the corona, creating soft X-ray emission in
closed magnetic loops. Such chromospheric ““ evaporation ÏÏ
driven by accelerated particle beams would be interesting to
distinguish observationally from evaporation driven by
thermal Ñuxes into the chromosphere.

Another important feature of soft X-ray emission is that
the outer loops systematically have higher temperatures.
This was observed, for example, in the cusp-shaped portion
of the 1992 February 21 Ñare et al. The(Tsuneta 1992).
temperature reaches the peak far outside the apparent
bright soft X-ray loop. This is a ““ hot source ÏÏ in the 1993
January 13 Ñare et al.(Tsuneta 1996 ; Tsuneta 1997).
According to our model, these ““ high-temperature ridges ÏÏ
are presumably heated by thermal conductive Ñuxes
directly from the high-temperature current sheet (Oreshina
& Somov 1996).

Further development required for our model is a quanti-
tative consideration of the upward motion of the coronal
hard and soft X-ray sources predicted by the model. It is
clear that superhot plasma heated and compressed inside
the collapsing trap will unavoidably relax in the down-
stream Ñow behind the shock. This relaxation is strongly
inÑuenced by thermal conductive cooling as well as by radi-
ative energy losses, and Ðnally by the chromospheric evapo-
ration and thermal instability mentioned in The° 2.3.
dynamics of superhot plasma relaxation may not be simple
and will depend on initial and boundary conditions.

The behavior of the magnetic Ðeld behind the shock
seems to be more strictly determined ; the incoming Ðeld
lines simply accumulate between the magnetic obstacle and
the shock front. Hence, the shock front must move upward
together with the hard X-ray source on the upstream side

and the soft X-ray source on the downstream side.(Fig. 5)
This prediction of the model has to be considered quantitat-
ively and compared with apparent motion of coronal X-ray
sources observed with the HXT and SXT on board Yohkoh.

5.5. Behind-the-L imb Flares
In principle, the hard X-ray observations could show

nonthermal processes (acceleration, trapping, shock-
associated phenomena) in the corona as clearly as do the
radio observations. A behind-the-limb Ñare is the best case
for such studies. However, a few observations have sug-
gested a truly coronal origin for hard X-ray emission ; the
following conclusions have been drawn from these obser-
vations.

First, the coronal hard X-ray emission may lie above
even the high loops responsible for soft X-ray production

Our model just explains the existence of(Hudson 1978).
such a hard X-ray above-the-loop-top source.

Second, the simple thick-target precipitation model does
not explain the intensities of hard X-ray emission observed
at di†erent altitudes in the corona. Moreover, the intro-
duction of an electron trap by magnetic mirrors could be
useful, if the mirroring points were located high in the
corona According to our model, the fast(Kosugi 1987).
shock wave above the soft X-ray loop reÑects particles back
into the collapsing magnetic trap.

Third, coronal hard X-ray bursts have smoother time
proÐles in comparison with the chromospheric footpoint
hard X-ray spikes et al. We(Hudson 1978 ; Wang 1995).
think that the time proÐle of hard X-ray emission of acceler-
ated electrons inside the trap can be described in terms of its
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““ e†ective capacitance,ÏÏ similar to the time dependence of an
electric current inside an electric circuit. The ability to store
electric charge makes variations of the electric current
smoother ; in just the same way, the larger the ability of the
trap to accumulate accelerated electrons, the smoother the
time proÐle of their emission in hard X-rays.

Fourth, coronal hard X-ray bursts may have relatively
hard spectra Dennis, & Kai(Hudson 1978 ; Kosugi, 1988).
We have not computed the energy spectrum of accelerated
electrons inside the collapsing trap, but we are faced with
the natural conclusion that the lower energy electrons are
less conÐned in the trap. In addition to this obvious fact, we
have seen in that the efficiency of the electron acceler-° 5.2
ation by the collapsing trap rapidly grows with increase of
the initial energy of the electrons preaccelerated by theEinHTTCS. Therefore, the resulting spectrum of electrons
inside the trap should be rather hard. MeV electrons can be
responsible not only for hard X-ray emission but also for
microwaves in the so-called extended Ñares et al.(Kosugi
1988).

We believe that the collapsing trap model gives us a qual-
itative understanding of all known properties of hard X-ray
emission in the Ñares placed behind the solar limb.

6. DISCUSSION

6.1. Collisionless Reconnection
The collisionless transformation of the magnetic energy

into kinetic energy of particles inside a nonsteady two-
dimensional reconnecting current sheet was introduced by

as a dynamic dissipation. An essentialSyrovatskii (1966)
peculiarity of the dynamic dissipation is that the inductive
strong electric Ðeld (see is directed along the current° 2.1)
inside the reconnecting current sheet. Hence the Ðeld does
positive work on charged particles, thus increasing their
energy rapidly.

Naturally, some instabilities may be excited in the
plasma-beam system inside the current sheet. Wave-particle
interactions can transform a part of this work into direct
heating of ions and electrons. Thus the collisionless driven
reconnection leads to energy conversion from the Ðeld to
the particles through acceleration and heating processes
(e.g., & KlevaDrake 1991).

Three-component collisionless driven reconnection (e.g.,
et al. & Sato & LeeOno 1996 ; Horiuchi 1997 ; Cai 1997)

includes several natural complications that could be
reviewed somewhere else. Particle simulation study of colli-
sionless driven reconnection in a sheared magnetic Ðeld

& Sato shows that the electron acceleration(Horiuchi 1997)
and heating take place in the reconnection area. In the
presence of a longitudinal magnetic Ðeld, the electron accel-
eration by the reconnection electric Ðeld is very efficient.
Therefore, the general inference as to the possibility of parti-
cle acceleration and heating inside the collisionless RCS
(i.e., dynamic dissipation of the magnetic Ðeld) remains valid
and is used in the HTTCS model This allows(Somov 1992).
us to consider the HTTCS as the primary source of Ñare
energy and the Ðrst-step acceleration mechanism.

6.2. Alternative Models
In our model of a Ñare, the chromospheric evaporation

driven by the beams of accelerated particles is the Ðnal stage
in the chain of physical processes that includes the two-step
acceleration of electrons and ions. In this sense, our model

can be contrasted to the model by et al. OurBai (1983).
model also di†ers from that by for electronTsuneta (1995)
acceleration. The model by Tsuneta assumes the reconnec-
tion process as a primary mechanism of Ñare energy, as we
do. However, the model does not consider the particle
acceleration inside the reconnecting current sheet itself.
Instead, it assumes that the fast downÑow from the
““ reconnection site ÏÏ collides with the loop, and that the
resulting small-scale time-varying shear Ñows (vortices) at
the loop top drive oppositely directed Ðeld-aligned currents
(channels). The Ðeld-aligned currents then create voltage
drops (B100 keV) along the magnetic Ðeld lines, generating
runaway electrons. Such a scenario seems to be consistent
with ““ avalanche ÏÏ models for Ñares & Hamilton(Lu 1991 ;

& Moore but has to be further developed toLaRosa 1993)
explain the properties of the above-the-loop-top source of
hard X-ray emission.

& Moore assume that fast plasma out-LaRosa (1993)
Ñows from ““ sites of strongly driven reconnection ÏÏ can gen-
erate the cascading MHD turbulence. Particles extract
energy from this turbulence by mirroring on ““magnetic
compressions ÏÏ moving along the magnetic Ðeld at the
Alfve� n speed. et al. however, conclude thatLaRosa (1996),
dissipation of the reconnection-generated MHD turbulence
accounts for the electron bulk energization in solar Ñares
but not the proton acceleration.

Acceleration of protons and heavier ions is an important
advantage of our model. Since the Ðrst-order Fermi-type
mechanism gives the energy gain that is proportional to the
total energy of a particle, protons are accelerated more effi-
ciently than electrons at the same velocity. Hence the solar
Ñares with properties described by our models should
produce energetic protons with a few-second delay related
to the second-step acceleration of fast trapped protons by
the shock wave. At the same time, the accelerated protons
and ions, compared with the accelerated electrons, are
much less frozen into the collapsing trap. Thus they have a
larger probability of escaping from the trap to the open Ðeld
lines directly into interplanetary space.

Acceleration of electrons to relativistic energies takes a
time comparable to the time estimated for theq

a
(e) (eq. [19])

100 keV electrons. As a preliminary estimation of the time
a few seconds, we can use the consideration of theq

a
(e)B

similar problem by et al. in relativistic approx-Bai (1983)
imation. However, a more accurate consideration of the
trapping and acceleration efficiency in the frame of our
model is necessary.

7. CONCLUSION

We suggest a new model for a two-step acceleration of
electrons and ions to high energies in solar Ñares. The Ðrst
step is the very efficient acceleration of particles by the
strong electric Ðeld inside a collisionless reconnecting
current sheetÈthe primary source of Ñare energy. Being in a
high-temperature state, the current sheet produces two very
fast Ñows of collisionless ““ superhot ÏÏ plasma. The down-
ward Ñow of superhot plasma collides with a magnetic
““ obstacle ÏÏ and creates the fast oblique collisionless shock
similar to the terrestrial bow shock between solar wind and
the Earth magnetosphere.

Reconnected Ðeld lines rapidly move out of the high-
temperature turbulent-current sheet, being frozen into
superhot plasma, and form magnetic loops on the upstream
side of the shock front. Hence, the electrons and ions ener-
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gized and preaccelerated by the current sheet appear to be
trapped inside magnetic loops. The top of each loop moves
with a high speed toward the shock, while both of its feet
penetrate through the shock front. We argue that the
““ collapse ÏÏ of the trap by the convection of the magnetic
Ðeld lines through the shock should be accompanied by a
considerable increase of particle energies. This seems to be
similar to the so-called shock spike events observed near
fast-mode interplanetary shock waves.

We therefore assume that the second-step mechanism is a
very efficient combination of the fast ““ adiabatic heating ÏÏ
inside the collapsing trap and drift acceleration by the
shock at the two feet of the trap. The lifetime of an individ-
ual collapsing loop can be identiÐed with the observed few-
second delay in higher energies of hard X-ray and
gamma-ray emission.

Our model explains spatial distributions and behavior of
X-ray emission in solar Ñares observed by the HXT and
SXT on board Yohkoh. Trapped accelerated electrons can

be seen as a thin-target hard X-ray source located above the
soft X-rayÈemitting loops. The altitude of this ““ above-the-
loop-top source ÏÏ must grow in time because reconnected
Ðeld lines are continuously accumulated on the downstream
side of the shock between the magnetic ““ obstacle ÏÏ and the
shock front. Precipitation of the accelerated electrons gives
the thick-target hard X-ray emission in the footpoint
sources and also generates the chromospheric evaporation
driven partially by the electron beam and partially by
anomalous heat-conductive Ñuxes of Ñare energy.
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